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.
INTRODUCTION
h orderto establishuniformandconsistenturbineterminol-
ogyforpresentingresultsof investigationsctictbd by various
laboratories,theNACASubcommitteeon Turbineshasprepareda
namenolaturewithdefinitionscd’variousturbinepwametersanda
oansistentsetcd?physicalconstants.A xl appotiedby the
Sulxxmmitteem Turbinesto executethisphaseof thestandardiza-
tionprogmm oonsistedof: RrofessorC. RiohEM SoderbergaP the
MassachusettsInstituteofTechnology,Chaizmn;ArnoldH. Redding
of theWestinghouseElectricCcmporation;R’ofessorJ. T. Rettal-
iata& theIllinoisEwtitutec& Technology;and,ArthurW. Gold-
steinof theNACALewislaboratwy.
UNITs
Ihlessspecificallystated,the systemof unitsemployedis
basedon theselectionofbasicunitsforlength,time,force,and
tempezwture.Physicalconstantsarethoseof theThirdbter-
nationalConferenceon Ste,amTables(reference1).
In thelk@ish qmtem, theseunitsarefoot(f’t),second(see),
ahrenheit(%) l Theunitof heatis thepound (lb),anddegreeF
Britishthermalunit(Btu). Thissystem of unitsis associated
withtheacceleraticmdueto gravityat sealevel g = 32.17feet
per secondper secondandthemechanicalegpivalentof heat
J = 778.3foot-poundsperBtu. Theunitof poweris thehorse-
poweregpivalento 550foot-poundsper secondor 2544Btuper
hour.
In the metricsystem,theunitsaremeter(m),second(see),
kilogram(lw),andde- Centi~de (°C). Theunitof heatiS
the kilogram-calorie(kg-cal).Thissystemofunitsis associated
withtheaccelerationdue
per secondper secondand
J = 427.0kilogram-meters
poweris equivalento 75
poundsper second.
to gravityat sealevel g = 9.807meters
themechanicalegpivalentof heat
perkilograucalorle.Themetrichorse-
kilogram-metersper secondor542.5foot-
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SYMBOLIWM!ATION
Thefollowingsynibolshaveb- adopted
mitteea Turbines:
S@!&
A
a
b
%
%
c
‘P
%
‘x
D
%
d
f
g
H
h
J
k
kory
L
L
QQs%t?z
flowarea
velocityof sound
bladeheightor span
dragcoefficient
liftcoefficied
bladechord ‘
~6CifiC heat
specificheat
at constantpressure
at constantvolume
axialprojectionof chord
diameter
_tiic (o?equivalent)dbneter( 4A )perimeter
distanceacross
dischargend
fuel-airatio
bladechannelat
(fig.3)
accelerationdueto gravity,32.17
heat-transfercoefficient
specificenthalpy
mechanicalequivalentof heat,
778.3ft-lb/Btu
thermalconductivity
ratioof specificheats ~~/+)
liftofblade
liftof bladepa unit~an ~
by
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Typicalunits
Sq ft
ftjsec
ft
dimensicml.ess
dimensionless
ft
Btu/(lb)(OF) .
Btu/(lb)(%?)“
ft
ft
ft
ft
lb fuel/lbair
ft~eecz
Btu/(h)(Sqft)(%)
Mu/lb
dimensionless
Btu/(hr) (Sq ft) (?l?/ft)
dimensionless
lb
lb/ft
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miw
n
z
M
I?
n
n
R
Rorr
R orRe
s
B
s
T
t
u
u
T
v
w
w
z
z
S9s9EE
lengthor perimeter
Machnud)er
rotationalspeed
rotationalspeed
(alternativesymbol)
(preferredsynibol)
exponent ofpolytropicexpansioncm
compression
power
absolutepressure
heatflowperunittime
qpalltityof heatperunitmass
(orweight)
gasconstant
radius
Reynoldsnuniber
surfacearea
bladepitchor spacing(fig.3)
specificentropy
absolutetemperature(43.9.7° + %)
time
bladevelocity
specificinternalenergy
absolutevelocityof gas
specificvolume
relativevelocityof gas
weightflowrateof gas (w/gmass
flow)
nuniberof blades,rows,or stages
altitude
Typical units
ft
dimensionless
rgnor rps
qm a ~s
dimmsionless
&
lb/sqft
Btu/sec
Btu/lb
ft-lb/(lb)(%?)
ft
dimensionless
Sq f%
ft
Btu/(lb)(OR)
%
sec
ft~sec
Biz@b
ft/sec
cu ft/lb
ft/sec
lb/see
ft
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I-J
90
4
.
SQE!?E2
angleof absolutevelocity(fig.4)
~ical units .
1
n
aega
a
P
r
york
7
A
%
%,x
6
c
v
e
v
v
v
P
P
1/%
.
coefficientof thermal
~i%
temperaturecoefficientin general
angle.of relative
circulation
ratioC@ speotiio
velocity(fig.
heats (op/c@
4) deg
. .
aq ft~sec
dimensionless
weight aenslty (pg) .
prefixto indicatechange
lb/cuft
An appendedsubscriptindicates
statefunctionconstant&@ng
change. (ExaU@e: Ash isen-
trapicchangein enthalpy)
.
l
*leavingloss (Ve2/2gJ) Btu/lb
EtU/lbaxialcomponentof leavingloss
(Vx,e2/2gJ) . .
pressurerednctionratio (p/@ or
7d75P) (* refe~~e stateof =s)
dimensionless .
losscoefficient(energylossper
unitof kineticenbrgy)
Umensionless
efficiency dimensionless
temperaturereductionratio
(T/P or 7RT/y+W!W)
Umensiadess
(lb)(see)/sqft
sq ft~sec
absoluteviscosity
kinematicviscosity
turbineor stagevelocityratio dimensimless
slug/cu ft
.
dimensionless
mass (iensIty
reheatcoefficient
—— . . . —.. . -.
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Typical Units
dimensionlessp+l reheatfactor
0 densityreauctimratio (P/#q.
ti - Velocitycoefficient,@ = l/(l+g)
is theenergycoefficient
dimensiofiess
dimensionless
ra&tan/sec(i)
Subscripts:
velocity
speedOf SOUII&
. .
b burner
.
c compressor
critical,stateat
aiiutioncoolant
cr
D
a diffuser
e~ust (a
stationat
nunibermay be usedinsteadof e)e
h imer radius “. . -
inlet.(ammibermaybe usedinsteadof i)
. .
internal
jet
i
i
.
,. il.
L loss(*cept ~)
o
M mechanical
m
maim nozzle “
rotor
radialprojectionor component
n
R
r
.
.
.
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s stator
.
St stage .
T stationat outerratius
t turbine
x axialprojectionor component
I?maricalsubscripts~ usedto indicatestationsin theturbine
or engine.
o NACAsea-levelair
Superscripts:
* referencestateof gas
t stagnationstate
II relativestagnationstate
Quantities of stite(h,p, s, T, u, v) of a _ fluidare
defind for= observermovingwiththefluid. The stagnationstate
isthestateof thefluidafterit isbroughtto restby an adia-
baticreversibleprocess.The quantitiesrelatedto thestagnation
stateareindicateilbya prime(h’,p’, s’,T’,u*,v’). If the
fluidis thusbroughtto restwithrespectto themovingblades,the
relativestagnationstatethusattainedis synibollcallyindicated
by a doubleprime(h”,P“, s“,T“,u“,v“).
IEETNITIONSRELATEDTO STRUCTURE
OF’AN AXIAL-mow TURBINESTAGE
A turbinestageconsistsof a set.of statorbladesanda set
-of rotorblades.The constructionmaybe drum(fig.1) or shromlsd
(fig.2) or codbi.nationsof thetwo,thechiefdifferencebeingin
theprovisionstopreventleakage.
A developedsecticmalongthebU& pathgivestheessential
dimensionsof thestatorandrotorcascades(fig.3). Theairfoils
aredescriptivelydeterminedby a baseline,a cauiberline,anda
.-— — -- - —-— -— . ——-—— —------ — .—— .
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thiclmessdistribution.Thebaselineis tangentto the“concave
surfaceof theairfoil.The chordis thelengthon thebaseline
cutoffby normalsfromtheintersectionsof theairfoilcamber
line with theairfoilsurfaceat theleadingandtrailingedges.
Theorientationof theairfoilstomakeup thecascadeis deter-
minedby thepitchandthestaggerangle,formingtheopening
AB = d betweentheairfoilsat theexitsection.
Therotorandstatorcascadesdifferforthevariousradii
in thestage. The cascadeat thearithmeticmeanradiusof the
flowannulusis of particularimportancebecauseit canusually
be madethebasisfortheaveragefunctionof thestage.
DEFINITIONSREUM!EDTO FUNCTIONSOF TURBINEWAGE
Thevelocitydiagram(fig.4) representsthedesigner’scon-
ceptionof thecircumferentiallyaveragedflowvelocities.Thts
velocitydiagramvarieswiththeradius;uulessspecifically
assignedto anyparticularadius,thevelocitydiagramusually
refers to themeanradius.ThevelocityVI ispartof the
velobity diagramfor the precedingstage.
TheMollier (h-s) diagram(fig.5) givestheemrgy relations
oom?espondingto thevelcmitydiagram.Adiabatioflowis assumed.
Thefollowingdefiniticmsrelateto thefunctionof the stageas
exhibitedthroughthevelooityandMollierdiagmms:
hl inletenthalpy
v12 carry-overenergyfrompreceding
~J stage(Forfirststagethisis
turbine-inletkineticenergy.)
Vf = ~,
h’l=~+~J 2 stagnationenthalpy,stator
% exhaustenthalpy,stator
W22
m--r energyfromstator
~J to rotor
W22
hn2=~+EJ=h”3 relativestagnationenthalpy,rotor
h3 exhaustenthalpy,rotor
..-. . . . . . . . . .—-—- ..---- ----- ____ ------ ---- ___
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. .. . . . . .. .
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l
energyto‘nextstage
lossforlast”stage ~)
,
---r
(leaving
m
.
exhausts-tion enthalpy. .
.
isbntropicenthalpydrop,sktor
isentropicenthalpydrop,rotor
hwsntrqpicSnthalpyarap,stage%%
M($)=(+”-)(23“loss,stator(kineticenergy“irreversibly
(~R)&)=@-]&) loss,~~r .
convertedintoheat)
.
stage .Ah or Ahst enthalpydrap,
.
. .
.
V7-V32
Alitok Aht8t=Ah+—
stagnationenthalpydrop(workdone
2gJ . in stage,“Btuintowork,” output)
Ash~or Ash$st stagnationenthalpydropavailable.
for stage(@yat, isentropic
enthalpydropfrominletstagnation
pressureand-era@re to final
stagnationpressm) .
.
.
Ahl “
b .= p
stageefficiency(internalefficiency
of stage)
.
The stageefficiencyis fictionallyrelatedto thefollowing
variablescomputedon themeanradius:‘
‘p= %
i2gJAsh + Vlg
P’1/p2 or P’1/P’2
velocityratio
pressureratio
.. .
#
R2 or R3 Reynoldsnumber
.
.
L_. _._. ______
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The Reynol@ nmibercorrespondingto thatusedin channelflowis
definedfortheUscluge of thestatorblades (~) or rotor
blades (R3) at themeanradius.!5s characteristiclengthused
Is thehydraulicdiameter of thethroatsection~ = 4b~2(b+~).
If thesumof theperimetersof allthethroatsectionsin therow
is dsnotedby 2z forthestator-and 23 for.therotor-blade
passages,
!i!urblnestagesareclassifiedwithrespectto thedegreeof
reaction,whichIsusuallydefinedas the“ratiof isentropic
enthalpydropacrosstherotorto theisentropicenthalpydrop
acrossthestage. The50-percentreactionstage,inwhichstator
androtor.a~oils are identicalandthevelocitytrianglesynuuet-
rical(sometimesreferredto as the“reactionstage”),is defined
as thesymmetricalstage. The impulsestage,inwhichtheenthalpy
dropacrosstherotoris zero,is definedas theZero-reaction
stagel
For stagesInwhichthechangeIn radiusfromtheinnerto
theouterboundaryis appreciable(appreciablevaluesof b/D),
thisdistinctiabetwwn differentypesof stage.haslostits
significance,Inasmuchas thesamestagemayhswezeroreaction
at theinnerradiusandmmsiderablereaotiaat theouterradius.
!&econstant-circulationstageis an idealizedstageinwhich
theanglesandareadistributionareohosenin sucha mannerthat
foran inviscidfluiilthequantitiesVX,2, rVu,2, VX,3, rVu,3,
htl, ti h~3 are mnatantalcmgthemdius. Theoirculaticm
aroundthestatorandrotora~oils, as wellas thewarkdone,is
thenocmstantalongtheradius.Thisidealimdstagecanuotbe
realizedIn prmtioe.
l
.
‘.
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DEFINITIONS REL4TED TO FUNCTIONSOF TURBINE
Thefollowingquantitiesrelateto theperformanceof a
single-stageor a multistageturbine(fig.6):
T~i inletstagnationtemperature
P’~ met, stagnationpressure
Pe efiust pressure
Ash isentropicenthalpydropfrominletstateto
exttpressure
Asht isentrapic
stateto
lih~ stagnation
e
leaving loss
enthalpydropfrominletstagnation
exitstagnationpressure
enthalpytip
partof leavinglossresultingfromaxial
componentof velocity
internalefficiency
llnet =
Ah~ nst efficiency
viz
Ash+ —2gJ
w weight fluw rate
pt=~ w (Aht ) gross power
AP~ mechanicalpower
of gas
loss
P = P’ - AP~ hake power
The efficiencies(internal“ornet)areftmctionallyrelatedto
thefollowingvariablesevaluatedon themeandiameter:
.
\
.
.
.
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“g
P3
.
v= J! %2 velocityratio
2gJAsh+Vi2
P‘i/Pe
R
The state
script n) may
pressureratio
Reynoldsmmiber(dd%mined for inletstatorRI,
exhaustblade I& or anyotherdesi~ted
row)
of thegas enteringthepropulsionozzle(sti-
be esti@ed (fig.6)by asswuingthattheldnetto-
u= COII@XMd Vu,eG/2@= AhL - AhL,x is diSSi@* h
frioticm and turbulence.
In order to make&rbine peri’omancecomparablefordifferent
ccditionsof theworkingfluid,turbine-performancep~ters m
reducedto egpivalentvaluesfora designatedstdlardinletstate
of the@8.
Departuresfromthisstatearemeasuredby thefollowin$
variables:
~ti = ~tijp inlet-stagnation-~essurereductionratio
efi . T~i@ idet-aeti=-t~ture ~aucth 733ti0 -
di = P~l/P* inlet-stagnation-density~au~ti~ mtio
The following gmxttties are used in repenting theperfom-
aaoe & a turbine over an extended rang:
gas :
w#7q
~
e@malent weightflow
n/rl e@maleti rotatiaalspeed
The equivalentflowandtheetflciencies
to equivalent speed,pressure ratio, and
of statesof the
are mnctionally
Reynoldsnuniber.
- preceding methodof ramesentingthemrf’o~
mxmling
ralated
of a
turbineo-wra wi& rangeof op&at
3
c6nditi-&sdoesnottake
intoaccountthe.variationof y . ~ withtemperature.The .
slightinaccuracyintroducedby thisvariationmaybe approximately
—.-. . ..— ----- -—..- -
___ -—__ ...— — .-— .—— .— — -—-—— —— .
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compensatedforby replacing the turbti PZWSS- ratio P*i/pe
with the expression(P*i/P*)“7Z the temperaturereduction
ratio esi= Tti/~ with esi= 7RTsi/p=, @ - Pressure
reauctionratio ti’i= psi/~ with 7Psi@@.
In cooledturbinesor turbineswithappreciableheatloss,
&&U?icationof theefficienciesto includetheeffectsof the
coolingmaybe desirable=Coolingmaybe obtainedby oneorboth
of thefollowinglllethcas:
(a)The coolmtfl- inaclosedcirtit anddissipatesheat
at therate Q (Btu/see).
(b)!lbecoolantflowpertitt~ wd (@see) ~sc~ge~
intotheturbineandis takenthrougha positivechangein stagna-
tionenthalpyAhsd andmixedwiththemainflow.
In these cases the dropin stagnation enthalpy Ah’ is not equal
to the wmk outputperpoundof fluid,tihichis equal-to
Aht- (wd/w)Ah’d- Q/w, andtheefficiencies_ gross_
arecomputedwiththismodificationofworkoulpt.
LewisFlightPropulsionLaboratory,
NationalAdvisoryCcmmit@eforAeronautics,
Cleveland,Ohio, January24,1949.
,
1. Anon.: The Third Mternational Conference on SteamTables.
Mech.En&, vol.57,no.11,Nm. 1935,pp. 71O-7I.3.
.
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Figure t: - Typical drum construction in turbine.
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- Typical shrouded construction in turbine.
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Station I
~Stagger angle
Station 2
.
Station 3
*
r
Figure 3. - Developed eection of turbine blading ehowing stator and
rotor cascades of a stage.
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FI gure 4. - Velocity-diagram notation for stator and rotor “
components of a stage. .
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- Mollier diagram for stator and rotor components of a stage.
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Figure 6. - Mol tier diagram for turbine.
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